ABSTRACT A mutant allele (pol3-L612M) of the DNA polymerase ␦ gene in Saccharomyces cerevisiae that confers sensitivity to the antiviral drug phosphonoacetic acid (PAA) was constructed. We report that PAA-sensitivity tagging DNA polymerases is a useful method for selectively and reversibly inhibiting one type of DNA polymerase. Our initial studies reveal that replication by the L612M-DNA pol ␦ requires Rad27 flap endonuclease activity since the pol3-L612M strain is not viable in the absence of RAD27 function. The L612M-DNA pol ␦ also strongly depends on mismatch repair (MMR). Reduced viability is observed in the absence of any of the core MMR proteins-Msh2, Mlh1, or Pms1-and severe sensitivity to PAA is observed in the absence of the core proteins Msh6 or Exo1, but not Msh3. We propose that pol3-L612M cells need the Rad27 flap endonuclease and MMR complexes composed of Msh2/Msh6, Mlh1/Pms1, and Exo1 for correct processing of Okazaki fragments. E UKARYOTIC DNA polymerase ␦ (DNA pol ␦) is reacid (foscarnet) are effective antiviral drugs that inhibit replication by herpes and vaccinia DNA polymerases quired for chromosome replication, recombination, and repair, but there are several other DNA polymerases (Mao et al. 1975; Ö berg 1989; Taddie and Traktman 1991) and the HIV reverse transcriptase (Larder et al. in the cell, which makes it difficult to study DNA pol ␦ specifically. DNA polymerase inhibitors have the poten-1987). PAA appears to act as a pyrophosphate analog in the polymerase active center of sensitive DNA polytial to be useful, but the currently available inhibitors merases to severely reduce the polymerization reaction are not specific. Aphidicolin, for example, inhibits all (Leinbach et al. 1976) . Thus, since yeast like other euthree replicative DNA polymerases, DNA pols ␣, ␦, and karyotes is relatively resistant to PAA, PAA sensitivity is ε (Burgers and Bauer 1988). Mutations that confer expected to increase substantially if the wild-type DNA temperature sensitivity (ts) provide a way to block replipol ␦ is converted to a PAA-sensitive mutant. cation by a selected DNA polymerase, but ts DNA pol ␦ To construct a yeast DNA pol ␦ mutant with PAA sensimutants lose viability rapidly after exposure to the restrictivity, we used mutational studies of the bacteriophage T4 tive temperature (Weinert and Hartwell 1993), which DNA polymerase as a guide (Reha-Krantz 1995) . The prevents studies of recovery mechanisms. We report a bacteriophage T4 DNA polymerase, like eukaryotic DNA new method for inhibiting DNA pol ␦ selectively: we pols ␣, ␦, and ε, is relatively resistant to PAA; however, constructed a mutant DNA pol ␦ in Saccaromyces cerevisiae several mutant T4 DNA polymerases were identified that is inhibited by the antiviral drug phosphonoacetic with markedly increased sensitivity (Reha-Krantz et al. acid (PAA).
UKARYOTIC DNA polymerase ␦ (DNA pol ␦) is reacid (foscarnet) are effective antiviral drugs that inhibit replication by herpes and vaccinia DNA polymerases quired for chromosome replication, recombination, and repair, but there are several other DNA polymerases (Mao et al. 1975; Ö berg 1989; Taddie and Traktman 1991) and the HIV reverse transcriptase (Larder et al. in the cell, which makes it difficult to study DNA pol ␦ specifically. DNA polymerase inhibitors have the poten-1987 ). PAA appears to act as a pyrophosphate analog in the polymerase active center of sensitive DNA polytial to be useful, but the currently available inhibitors merases to severely reduce the polymerization reaction are not specific. Aphidicolin, for example, inhibits all (Leinbach et al. 1976) . Thus, since yeast like other euthree replicative DNA polymerases, DNA pols ␣, ␦, and karyotes is relatively resistant to PAA, PAA sensitivity is ε (Burgers and Bauer 1988) . Mutations that confer expected to increase substantially if the wild-type DNA temperature sensitivity (ts) provide a way to block replipol ␦ is converted to a PAA-sensitive mutant. cation by a selected DNA polymerase, but ts DNA pol ␦ To construct a yeast DNA pol ␦ mutant with PAA sensimutants lose viability rapidly after exposure to the restrictivity, we used mutational studies of the bacteriophage T4 tive temperature (Weinert and Hartwell 1993) , which DNA polymerase as a guide (Reha-Krantz 1995) . The prevents studies of recovery mechanisms. We report a bacteriophage T4 DNA polymerase, like eukaryotic DNA new method for inhibiting DNA pol ␦ selectively: we pols ␣, ␦, and ε, is relatively resistant to PAA; however, constructed a mutant DNA pol ␦ in Saccaromyces cerevisiae several mutant T4 DNA polymerases were identified that is inhibited by the antiviral drug phosphonoacetic with markedly increased sensitivity (Reha- Krantz et al. acid (PAA) .
1993; Reha-Krantz and Nonay 1994). T4 DNA poly-PAA was chosen as a new DNA pol ␦ inhibitor primarmerase and eukaryotic DNA pol ␦ are members of a ily for two reasons. First, PAA does not need to be prolarge protein-sequence-related family of DNA polymercessed by cellular enzymes to convert it to an active form.
ases called ␣-like or family B DNA polymerases (Wang Thus, if yeast cells can take up PAA, the drug is expected et al. 1989; Braithwaite and Ito 1993) . Thus, an amino to inhibit PAA-sensitive enzymes. Second, PAA preferenacid substitution in the T4 DNA polymerase that confers tially inhibits viral but not essential eukaryotic DNA PAA sensitivity may be expected to confer drug sensitivpolymerases, which is the basis for the therapeutic use ity in other ␣-like/family B DNA polymerases, particuof this drug. PAA and its conjoiner phosphonoformic larly if the amino acid resides in one of the conserved protein sequence motifs that define this group of DNA polymerases. The L412M substitution (leucine to methio-GAATGAATATCAAAGCTAGAgaattcgagctcgtttaaac; RAD27F, and Nonay 1994) and L412 is located in the highly CATTGGAAAGAAATAGGAAACGGACACCGGAAGAAAAA conserved motif A protein sequence in the polymerase ATcagctgaagcttcgtacgc and RAD27R, TTTAGTTGCTGAAGC active center (Delarue et al. 1990 ; Figure 1A ).
CATATAATTGTCTATTTGGAATAGGgcataggccactagtggatc;
We report the construction and initial characteriza- demonstrated by tetrad analysis of spores from a diploid hetbeen described (Burke et al. 2000) . PAA (Sigma, St. Louis) erozygous for the rad27::kanMX and pol3-L612M mutations. was added to synthetic complete medium at the desired conNo viable rad27::kanMX pol3-L612M segregants were recovcentration and the pH was adjusted to 4.5 with 10 n NaOH.
ered from the dissection of 68 tetrads. Solid PAA medium was made in the same way as liquid medium
Mutation rates: Mutation rates were determined by fluctuaexcept that Noble agar (Difco) was added to give a final contion analyses of 12 or more cultures by the method of the centration of 2%. PAA gradient plates were formed by first median (Lea and Coulson 1949) . Confidence intervals were pouring 30 ml of an agar solution containing PAA into a 100 ϫ determined by the bootstrapping method of Efron and Tib-100-mm square petri plate with one edge elevated by resting shirani (1993), which provides a method for analyzing relaon a pencil. After the agar hardened, the plate was placed tively small sample sizes even if the mutation rates for individflat on the bench and 30 ml of drug-free agar was added. The ual cultures are not distributed symmetrically about the plates were used the next day.
median. The confidence levels reported are based on 1000 Yeast strains: All strains are listed in Table 1 . The pol3-L612M bootstrapped replicas. strain was constructed by site-directed mutagenesis of the Microscopy: Samples ‫01ف(‬ 7 cells) were fixed in 70% ethanol cloned POL3 gene using the PCR method of Cormack (1996) . (Williamson et al. 1983) , resuspended in 0.1 m potassium The two forward primers were TCAATATTGACGGCCGAT phosphate buffer, pH 7, and stained with 2.5 g/ml 4,6Ј-TAC, complementary to nucleotides 1361-1381, and TTCAAT diamidino-2-phenylindole (DAPI) for 15 min. Images were TCTATGTATCCAAGTATTATGATGG, complementary to nutaken with a Zeiss Axioskop-2 microscope equipped with a cleotides 1825-1855, except for the underlined nucleotides. The SPOT-2 digital camera. Differential interference contrast (DIC) two reverse primers were ACTTGGATACATAGAATTGAAATC and fluorescent DAPI images were taken. CAAAGTTG, complementary to 1845-1814, except for the underlined nucleotides, and TCTTTTGAATGGATCCTTCTC, complementary to nucleotides 2070-2050. A restriction fragment containing the engineered nucleotide changes was inserted RESULTS into the 3Ј-terminal half of the POL3 gene, which was placed in a yeast integrating plasmid. The plasmid was linearized at pol3-L612M cells are sensitive to PAA: DNA sequence the unique HpaI site and used to transform MS71 cells. The changes that encode the leucine-to-methionine substitupol3-L612M allele was integrated into the chromosomal POL3 tion at codon 612 in the yeast POL3 (DNA pol ␦) gene gene by targeted integration (Rothstein 1983 ). Southern were constructed by standard site-directed mutagenesis blotting and PCR were used to confirm integration of the procedures as described in materials and methods.
plasmid in the transformant and restoration of a single gene copy after selection for plasmid DNA pop-out on 5-FOA. Sepol3-L612M cells were more sensitive to PAA than POL3 quencing was done to verify the nucleotide changes. cells were ( Figure 1B) . PAA slowed growth of pol3-Gene inactivations were done by replacement of the endoge-L612M cells, but even at 2 mg/ml PAA, a concentration nous wild-type allele with one of the kanMX cassettes (Wach that severely impaired growth, there was no loss of viaet al. 1994; Longtine et al. 1998) . PCR products were made bility ( Figure 1C ). PAA at 4 mg/ml, however, killed with the following primer pairs. The ORF-specific sequences are shown in uppercase: EXO1F, AATAAAAGGAGCTCGAA pol3-L612M cells ( Figure 1C ). In contrast, POL3 cells AAAACTGAAAGGCGTAGAAAGGAcggatccccgggttaattaa and retained good viability up to 6 mg/ml PAA, but cell EXO1R, TTTTCATTTGAAAAATATACCTCCGATATGAAAC proliferation was slowed at higher PAA concentrations GTGCAGgaattcgagctcgtttaaac; MSH3F, TGCGATCACGTGAA ( Figure 1C) . Thus, at PAA concentrations Յ2 mg/ml, TTTTCAATGAATAAATAAGCTGGAACAcggatccccgggttaat PAA targets primarily the L612M-DNA pol ␦. The motif A sequence in the polymerase active center of the bacteriophage T4 DNA polymerase is compared to motif A sequences of DNA pol ␦s from S. cerevisiae (Sc), human (Hu), and mouse (M). The L412M substitution in the T4 DNA polymerase and the L612M substitution in the yeast DNA pol ␦ confer sensitivity to the antiviral drug PAA. (B) PAA sensitivity of pol3-L612M cells. About 100 cells were spotted in six positions across a PAA gradient plate from 0 to 2 mg/ml PAA. The plates were incubated for 3 days at 30Њ. (C) POL3 cells are sensitive to PAA only at high concentrations. POL3 and pol3-L612M cells were spread on plates containing 0, 2, 4, or 6 mg/ml PAA; the plates were incubated at 30Њ for 6 days. (D) pol3-L612M cells form dumbbells in the presence of 0.5 mg/ml PAA. View (ϫ200 magnification) of cells from an asynchronous pol3-L612M culture after 4 hr exposure to 0.5 mg/ml PAA and a close-up (ϫ1000 magnification) of DAPIstained dumbbell cells that show a mother cell and attached daughter of similar size with a single nucleus located at the bud neck.
tion by the mutant DNA pol ␦ is blocked (Hartwell is not caused by loss of exonuclease activity, but is due to the reduced ability of the mutant DNA polymerase et al. 1973). In the case of cdc2-1, the dumbbell morphology is diagnostic of cell cycle arrest in late S or G 2 . Unlike to initiate the proofreading pathway (Reha- Krantz and Nonay 1994; Beechem et al. 1998 ; Fidalgo da Silva et cdc2-1 cells, the pol3-L612M dumbbell cells are not irreversibly arrested at PAA concentrations Յ2 mg/ml, but are al. 2002). Mutation rates were measured at the following sites: trp1-289, which reverts by base substitution mutaonly delayed in S-phase.
The pol3-L612M strain has a mutator phenotype: Since tions at an amber codon (Calderon et al. 1984) ; his7-2, which reverts by a ϩ1 frameshift in a sequence of seven the phage T4 L412M-DNA polymerase confers a mutator phenotype because of reduced proofreading activity A's (Hadjimarcou et al. 2001) ; and the CAN1 gene, which detects forward mutations that arise primarily by (Reha- Krantz and Nonay 1994; Stocki et al. 1995) , a mutator phenotype was expected for the yeast pol3-base substitution and frameshift mechanisms, although insertions, deletions, and complex mutations are also L612M strain. Note that the reduced proofreading activity observed for the phage T4 L412M-DNA polymerase observed (Marsischky et al. 1996) . All strains were derived from AMY125 via the MS71 strain supplied by T. Petes. MATa and MAT␣ strains were constructed, but no differences were detected between the two mating types.
Spontaneous mutation rates were elevated 1.6-to 5.7-MMR-deficient strains (Table 2) . Specifically, the Trp ϩ reversion rate increased 26-to 33-fold, the His ϩ reverfold by the L612M-DNA pol ␦ ( Table 2 ). The weak mutator phenotype detected for the pol3-L612M strain, sion rate increased 24-to 36-fold, and the Can R mutation rate increased 17-to 26-fold (Table 2 ). Since the confihowever, underestimates the true replication error rate since MMR corrects many of the mistakes made by DNA dence intervals for the MMR-deficient pol3-L612M strains overlap, differences observed for Msh2, Mlh1, or Pms1 polymerases.
A strong mutator phenotype was detected for the deficiencies are not significant, as is expected since all three proteins are required for MMR activity. L612M-DNA pol ␦ in the absence of MMR: L612M-DNA pol ␦ replication fidelity was determined in the absence Msh6 was as important as the Msh2, Mlh1, and Pms1 proteins for correction of base substitution errors made of individual MMR proteins by constructing a series of isogenic strains that carried the pol3-L612M allele plus by the L612M-DNA pol ␦ at the trp1-289 locus (Table  2 ). In contrast, the His ϩ ϩ1 frameshift mutation rate an insertion/deletion mutation in one or more of the genes that encode proteins that function in MMR (Table  was only moderately elevated (‫-11ف‬fold) in the absence of Msh6. Msh3 function, on the other hand, appeared 1). Mutation rates for the doubly mutant msh2-, mlhl-, and pms1 pol3-L612M strains increased from 17-to Ͼ30-fold dispensable for repair of base substitutions at the trp1-289 locus, as observed previously (Marsischky et al. compared to the mutation rates for the singly mutant The numbers in parentheses are the confidence intervals. The numbers in brackets are the fold increases in mutation rates produced by the pol3-L612M allele when combined with inactivation of the indicated MMR genes compared to the MMR-defective single mutants. The msh6 msh3 pol3-L612M strain is compared to the msh2 strain.
1996), and MSH3 deficiency only slightly increased mudent mutator (edm) phenotype for ϩ1 frameshift mutations (Table 2) . Although the His ϩ mutation rate for tation rates at the his7-2 and CAN1 loci (Table 2) . These results are consistent with previous reports that the the exo1 pol3-L612M strain at 167 in 10 8 cells is 7-fold lower than the rate observed for the completely MMRMsh2/Msh6 and Msh2/Msh3 complexes have overlapping functions in the repair of frameshift premutations deficient msh2 pol3-L612M strain (1204 in 10 8 cells), the larger 69-fold increase in ϩ1 frameshift mutations at (Marsischky et al. 1996; Kolodner and Marsischky 1999) . When the MSH6 and MSH3 genes were both inactithe his7-2 locus, compared to the smaller 4-to 7-fold increases in Trp ϩ and Can R mutants, suggests that Exo1 vated, mutation rates for the msh6 msh3 pol3-L612M strain were en par with the msh2 pol3-L612M strain (Table 2) .
has a role in frameshift mutagenesis. Mutations conferring the edm phenotype were identiMismatch repair also requires exonuclease activity (reviewed by Modrich and Lahue 1996; Kolodner and fied previously as alleles of several genes (MSH2, MLH1, PMS1, MSH3, POL30, POL32, and RNR1) that as single Marsischky 1999). Exo1 appears to be involved in an excision step in mismatch repair in yeast and human mutations cause only a weak mutator phenotype for production of ϩ1 or Ϫ1 frameshift mutations in repeat cells Genschel et al. 2002; Dzantiev et al. 2004 ), but Exo1 deficiency increases mutation rates sequences, but a strong mutator phenotype when combined with deletion of the EXO1 gene (Amin et al. 2001) . only slightly (Tishkoff et al. 1997) as confirmed here by the two-to threefold increases in mutation rates for Trp ϩ , Exo1 appears to have a similar relationship with the L612M-DNA pol ␦. An edm phenotype for frameshift His ϩ , and Can R for exo1 cells compared to wild-type cells ( Table 2 ). The weak mutator phenotype for exo1 cells mutations has also been observed for the pol2-4 strain, which has a proofreading-defective DNA pol ε (Tran is interpreted to indicate that Exo1 is redundant with other nucleases that can also function in MMR. et al. 1999) . MMR deficiency increased PAA sensitivity synergistiExo1 redundancy was also evident in the repair of premutations made by the L612M-DNA pol ␦ at the trp1-cally and reduced the viability of pol3-L612M strains:
The PAA sensitivity of the pol3-L612M strain was mark-289 and CAN1 loci since only 4-and 7-fold increases in Trp ϩ revertants and Can R mutants, respectively, were edly enhanced in the absence of any of the proteins known to function in MMR except for Msh3 (Figure 2 ). observed in the absence of Exo1 (Table 2 , numbers in brackets for the exo1 pol3-L612M strain), which are
The increase in PAA sensitivity was synergistic, as the singly mutant MMR-deficient strains were not inhibited substantially lower than the mutation rates observed in the absence of the Msh2, Mlh1, or Pms1 proteins.
by PAA (Figure 2, A and B) . The most extreme PAA sensitivity was observed for pol3-L612M strains lacking However, the His ϩ mutation rate increased 69-fold in exo1 pol3-L612M cells, which indicates an Exo1-depenany of the core MMR proteins Msh2, Mlh1, or Pms1; data for the msh2 pol3-L612M strain are shown in Figure  or more elongated buds, which could indicate a failure of the bud to shift from apical to isotropic growth. When 2A. Note that because of the strong mutator phenotype of the msh2 pol3-L612M strain, a few PAA-resistant colounusual msh2 pol3-L612M cells were selected by using a micromanipulator and allowed to grow, most were unnies were observed in which the pol3-L612M allele had reverted or a second-site suppressor mutation was acable to form colonies, which indicates that the aberrant cell morphologies are diagnostic of a terminal phenoquired. Even in the absence of PAA, msh2 pol3-L612M cells were only ‫%05ف‬ viable ( Figure 2C ). The addition type. PAA increased the number of aberrant msh2 pol3-L612M cells ( Figure 3B ). Many cells were multinucleof 0.5 mg/ml PAA further reduced viability of msh2 pol3-L612M cells ( Figure 2C ). ated and multibudded ( Figure 3B) ; however, digestion of the cell wall with zymolyase separated many of the Cells with aberrant cellular morphologies were observed in cultures of msh2 pol3-L612M cells ( Figure 3A) . attached cells. Together, these observations suggest deSome of the cells had an atypical appearance with one fects in cell cycle progression for msh2 pol3-L612M cells with or without PAA. msh6 pol3-L612M ( Figure 2A ) and exo1 pol3-L612M cells ( Figure 2B ) were also very sensitive to PAA, but not as sensitive as msh2 pol3-L612M cells (Figure 4, A and B) . On agar plates with 0.25 mg/ml PAA, pol3-L612M colonies were clearly visible after 3 days incubation, but msh6 pol3-L612M and exo1 pol3-L612M colonies were barely visible and no colonies were detected for the msh2 pol3-L612M strain except for the background of PAA-resistant colonies ( Figure 4A ). After 6 days growth, small colonies with ragged edges were visible for the msh6 pol3-L612M and exo1 pol3-L612M strains ( Figure 4B ), which indicates that Msh6-or Exo1-deficient pol3-L612M cells could just survive exposure to PAA at 0.25 mg/ml. PAA at 0.5 mg/ml, however, killed msh6 pol3-L612M ( Figure 4C ) and exo1 pol3-L612M cells ( Figure 4D) .
Cultures of msh6 pol3-L612M and exo1 pol3-L612M cells had higher viability (80-100%) than those of msh2 pol3-L612M cells and fewer aberrant cells (data not shown). The less severe viability and PAA sensitivity phenotypes of msh6 pol3-L612M and exo1 pol3-L612M cells may be due to redundancy of MMR proteins. For example, higher viability and reduced PAA sensitivity for msh6 pol3-L612M cells compared to msh2 pol3-L612M cells could indicate the ability of the Msh2/Msh3 complex to partially substitute for Msh2/Msh6. The msh6 msh3
Figure 2.-MMR deficiency reduces viability and increases the PAA sensitivity of pol3-L612M cells. (A) About 100 viable cells from the indicated strains were spotted at six positions across a PAA gradient plate that ranged from 0 to 1 mg/ml PAA. The plates were incubated for 3 days at 30Њ. (B) PAA sensitivity was also determined for exo1 pol3-L612M strains as described in A. To determine if EXO1 is epistatic to MSH2, growth of msh2 pol3-L612M and exo1 msh2 pol3-L612M cells was compared on a PAA gradient plate from 0 to 0.2 mg/ml. (C) Cell viability in the absence or presence of 0.5 mg/ml PAA. msh2 pol3-L612M cultures were inoculated at 1 ϫ 10 6 cells/ml and cultured for 24 hr. At the indicated times, samples were withdrawn to determine total cell count and viability. The percentage of viability is the number of viable cells, determined by colony formation, divided by the number of cells counted with a hemocytometer. msh2 pol3-L612M cells were not exposed (᭹) or exposed (᭺) to 0.5 mg/ml PAA. Only ‫%06-05ف‬ of msh2 pol3-L612M cells were viable in the absence of PAA (᭹) and PAA reduced viability to 10% after 24 hr exposure (᭺). pol3-L612M triple-mutant strain was constructed to test (e.g., 50% viability for the msh2 pol3-L612M strain and 80-100% viability for msh6 pol3-L612M and exo1 pol3-this proposal. While Msh3 deficiency did not increase the PAA sensitivity of pol3-L612M cells (Figure 2A ), inac-L612M strains (Table 3) . pol3-01 is also synthetically lethal with mutant alleles of several DNA replication genes, tivation of Msh3 increased PAA sensitivity and reduced viability of msh6 pol3-L612M cells to the levels detected including rad27, rfc1, pol30-52, and pol2-4 (Kokoska et al. 1998; Xie et al. 1999; . for the msh2 pol3-L612M strain (Figure 2A ). Redundant nucleases may also explain why exo1 pol3-L612M cells
To determine if viability of the pol3-L612M strain is also dependent on other DNA replication proteins, we are not as sensitive to PAA as completely MMR-defective strains. Since Exo1 deficiency did not increase the PAA attempted to isolate the rad27 pol3-L612M haploid from the heterozygous diploid, but no viable double mutants sensitivity of the msh2 pol3-L612M strain, EXO1 is epistatic to MSH2 ( Figure 2B) .
were recovered. The synthetic lethality of rad27 pol3-01 is attributed to strand displacement synthesis at Okazaki Double-strand breaks in pol3-L612M cells: One potential consequence of PAA inhibition of replication by the fragment junctions by the proofreading-deficient DNA pol ␦ and the need for the Rad27 flap endonuclease to L612M-DNA pol ␦ is an increase in single-strand DNA and, thus, potential sites for double-strand breaks (DSBs).
repair these flaps (Jin et al. 2003; Garg et al. 2004) . The synthetic lethality of the rad27 pol3-L612M strain If DSBs form during replication, recombinational repair will be needed. Inactivation of the RAD51 or RAD52 genes indicates that the L612M-DNA pol ␦ also catalyzes strand displacement synthesis, which is consistent with the rehad no detectable effect on PAA sensitivity in POL3 cells (data not shown), but Rad51 deficiency slightly induced proofreading activity observed for the phage T4 L412M-DNA polymerase (Reha-Krantz and Nonay creased the PAA sensitivity of the pol3-L612M strain and greater sensitivity was observed in the absence of Rad52 1994; Beechem et al. 1998; Fidalgo da Silva et al. 2002) . The inviability of the rad27 pol3-L612M double mutant, ( Figure 5) .
Comparisons of pol3-L612M and pol3-01 strains-pol3-however, was suppressed by a second mutation in the POL3 gene that encodes the V758M substitution (Table  L612M is synthetically lethal with rad27: The pol3-01 strain, which has an exonuclease-deficient DNA pol ␦ 3), which suggests that the V758M substitution corrects the strand displacement activity conferred by the L612M (Morrison et al. 1993) , also shows dependence on MMR for viability as observed for the pol3-L612M strain, but substitution. This proposal is supported by the observation that the V758M substitution reduced the mutator the dependence is stronger. Haploid inviability is observed for the pol3-01 strain with inactivation of any compophenotype of msh2 pol3-L612M cells (Table 3 ). The V758M substitution also reduced PAA sensitivity and increased nent of MMR except for Msh3 (Table 3) , while only reduced viability was detected for the pol3-L612M strains the viability of msh2 pol3-L612M cells (Table 3) . Second- The plates were examined after 3 days (A) and 6 days incubation at 30Њ (B). (C) msh6 pol3-L612M and (D) exo1 pol3-L612M cells were killed from exposure to PAA at 0.5 mg/ml. Viability was determined as described for Figure 2C. site suppressor mutations of the PAA sensitivity of the however, requires DNA pol ε polymerase activity as the pol2-16 allele, which retains only the C-terminal regulaphage T4 L412M DNA polymerase also correct defects in proofreading (Reha-Krantz and Nonay 1994; Rehatory regulatory region of DNA pol ε (Kesti et al. 1999) , is synthetically lethal with pol3-L612M. Krantz and Wong 1996) .
Interactions between the L612M-DNA pol ␦ and DNA pol ε mutants were studied in preliminary experiments. In contrast to pol3-01, which is synthetically lethal with DISCUSSION the proofreading-deficient pol ε, the pol3-L612M pol2-4
Mutations were introduced into the POL3 gene in S. strain is viable (data not shown). The L612M-DNA pol ␦, cerevisiae to encode the PAA-sensitive L612M-DNA pol ␦ ( Figure 1A ). The mutant yeast DNA pol ␦ was engineered on the basis of studies of the PAA-sensitive bacteriophage T4 L412M-DNA polymerase (Reha- Krantz et al. 1993; Reha-Krantz and Nonay 1994) . Both DNA polymerases have a L → M substitution for the conserved leucine residue in the motif A sequence ( Figure 1A ). The L612M substitution in the yeast DNA pol ␦ allows selective and reversible (up to 2 mg/ml PAA) inhibition of DNA pol ␦ activity ( Figure 2C ), which makes PAA DNA with reduced fidelity (Reha-Krantz and Nonay b PAA sensitivity is demonstrated in Figures 2 and 4 . The PAA sensitivity scale ranges from "ϩ," which is observed for the pol3-L612M and msh3 pol3-L612M strains, to "ϩϩϩϩ," which is observed for msh2 pol3-L612M. c pol3-01 data are from Morrison et al. (1993) , Morrison and Sugino (1994) , Sokolsky and Alani (2000) , Jin et al. (2001) , and Argueso et al. (2002). 1994). A mutator phenotype was observed for pol3-also needed for pol3-L612M cells to survive exposure to low concentrations of PAA. L612M cells, but detection required inactivation of MMR (Table 2) , which indicates that MMR efficiently repairs
The exonuclease-deficient DNA pol ␦ in the pol3-01 strain is also dependent on Rad27 and MMR as demonreplication errors made by the L612M-DNA pol ␦. In the absence of any of the core MMR proteins-Msh2, Mlh1 strated by synthetic lethality with deficiencies in Rad27, Exo1, or any component of MMR except for Msh3 or or Pms1-base substitution and frameshift mutation rates were elevated 17-to 36-fold in pol3-L612M cells with alleles of several DNA replication proteins (Morrison et al. 1993; Kokoska et al. 1998; ; compared to singly mutant MMR-deficient strains (Table 2). Thus, there is functional correspondence be- Xie et al. 1999) . Although synthetic lethal interactions indicate functional relationships among the gene prodtween the conserved leucine residues in the motif A sequences in the phage T4 and yeast DNA polymerases.
ucts tested, additional information can be learned if the double mutants retain partial viability or if lethality is PAA sensitivity is also detected for the L868M-DNA pol ␣, which has the analogous L → M substitution in conditional, as is observed for the pol3-L612M strain. While pol3-L612M cells were not viable in the absence the motif A sequence (L. Reha-Krantz, recent observations). Since a strong mutator phenotype is detected of Rad27, MMR-deficient pol3-L612M strains were partially to fully viable: 50-60% for msh2 pol3-L612M, 80-for the pol1-L868M strain in the absence of MMR (Niimi et al. 2004) , as observed for the pol3-L612M strain, func-90% for msh6 pol3-L612M, and 100% for exo1 pol3-L612M (Table 3) . Thus, the L612M-DNA pol ␦ shows greater tional similarities in motif A can also be extended to DNA pol ␣. Thus, PAA-sensitivity tagging appears to be a dependence on the Rad27 flap endonuclease than on MMR. The reduced dependence of the L612M-DNA pol ␦ general method for selectively inhibiting one type of DNA polymerase.
on Msh6 and Exo1 for viability, compared to the core MMR proteins, is likely due to the ability of alternative Although we have just started to characterize the pol3-L612M strain in the absence and presence of PAA, new MMR proteins to partially compensate. In the presence of PAA, however, pol3-L612M cells were strongly depeninformation about the dependence of DNA pol ␦ replication on Rad27 and MMR has been revealed. It is not dent on Msh6 and Exo1, as msh6 pol3-L612M and exo1 pol3-L612M cells were almost as sensitive to PAA as the surprising that Rad27 and MMR are required to keep DNA pol ␦ replication on track since these proteins are MMR-defective msh2 pol3-L612M strain (Figures 2 and  4) . Interestingly, the lack of strong dependence on Msh3 known to be involved in lagging-strand replication. The Rad27 flap endonuclease assists maturation of Okazaki by both the L612M-DNA pol ␦ and the exonuclease-deficient DNA pol ␦ indicates that the Msh2/Msh3 complex fragments by removing 5Ј flaps produced by strand displacement synthesis (Jin et al. 2003; Garg et al. 2004 ) and plays only a minor role in modulating replication by the mutant DNA polymerases. MMR appears to be more active on the lagging strand (Pavlov et al. 2003) . We propose that MMR complexes How does a MMR complex containing the Msh2, Msh6, Mlh1, Pms1, and Exo1 proteins protect pol3-L612M cells formed with Msh6 and Exo1 may have an additional role in processing the ends of Okazaki fragments. MMR is from replication problems created by the L612M-DNA pol ␦? Error catastrophe is proposed to explain the haptures at junctions between Okazaki fragments may not be good substrates for Rad27. The preferred substrate loid inviability of MMR-deficient pol3-01 cells, which replicate DNA with a proofreading-defective DNA pol ␦ for Rad27 endonuclease is a double flap structure containing a 3Ј one-nucleotide flap (Kao et al. 2002) . Flap (Morrison et al. 1993) . This hypothesis is supported by the observation that MMR-deficient pol3-01 diploids are structures may also contain strand misalignments that are stabilized by repeat sequences. There may also be viable. Diploids are expected to be more tolerant of geneinactivating mutations because there are two copies of small gaps that prevent ligation of Okazaki fragments. Since MMR degradation begins at a nick (Genschel et each gene. The L612M-DNA pol ␦ is also error prone (Table 2) , but less so than the pol3-01 strain. For pol3-al. 2002; Dzantiev et al. 2004) , persistent nonligatable strand discontinuities could be repaired in the process L612M cells in the absence of Msh2, Mlh1, or Pms1 function, the Can R mutation rate is ‫0009ف‬ ϫ 10 Ϫ8 and of mismatch correction. Replication by both L612M-DNA pol ␦ and exonuclease-deficient DNA pol ␦ depends on the his7-2 reversion rate is ‫0001ف‬ ϫ 10 Ϫ8 (Table 2) ; the doubly mutant cells are ‫%06-05ف‬ viable ( Figure 2C ; MMR complexes containing Msh6, but not Msh3 (Table  3) . Thus, frameshift mutations detected in the absence Table 3 ). For msh6 pol3-L612M cells, the Can R mutation rate is ‫0004ف‬ ϫ 10 Ϫ8 and the his7-2 reversion rate is of Msh6 may be associated with aberrant repair of discontinuities at junctions between Okazaki fragments. ‫43ف‬ ϫ 10 Ϫ8 (Table 2) ; viability is ‫%09-08ف‬ (Table 3) . Thus, if error catastrophe is the cause of reduced viabilAnother role for MMR is in protecting pol3-L612M cells from PAA (Figures 2-4, Table 3 ). While the viability ity for MMR-deficient pol3-L612M cells, then the mutation rates observed for the msh2 pol3-L612M strain are of various MMR-deficient pol3-L612M strains correlates with spontaneous mutation rates-the strains with the at the cutoff between life and death.
The Exo1-dependent mutator (edm) phenotype for highest mutation rates have the lowest viability (Table  3 )-PAA sensitivity does not parallel mutation rates frameshift mutations detected for pol3-L612M cells (Table 2) indicates another role for MMR in preventing or since the exo1 pol3-L612M strain, which has the lowest Can R mutation rate, is as PAA sensitive as the msh6 pol3-repairing frameshift premutations. Because of speculations that the exonuclease activity of DNA pol ␦ may L612M strain (Table 3 ). The ability of the V758M substitution to partially suppress the severe PAA sensitivity of function in MMR, we considered the possibility that the reduced proofreading activity of L612M-DNA pol ␦ msh2 pol3-L612M cells as well as to rescue the inviability of rad27 pol3-L612M cells indicates that defects in Okacombined with loss of Exo1 nuclease activity could be responsible for the edm phenotype. However, action of zaki fragment processing may contribute to PAA sensitivity. PAA is predicted to reduce the ability of the L612M-DNA pol ␦ in series with Exo1 as part of MMR would produce a multiplicative increase in mutation rate, which DNA pol ␦ to fully replicate Okazaki fragments, which may produce persistent small gaps that cannot be effecis just a 12.5-fold increase (5.7 ϫ 2.2), but this increase is much less than the 152-fold increase observed for the tively repaired by replicative DNA polymerases (Reha- Krantz et al. 1996) . Expansion of the gap by MMR exo1 pol3-L612M strain (Table 2) . Also, a combination of reduced proofreading and reduced MMR is expected activity may allow for more efficient gap repair. The phage T4 L412M DNA polymerase has proven to increase all types of DNA polymerase replication errors, not just frameshift mutations. We propose instead to be useful for structure-function studies of the T4 DNA polymerase, and this prompted us to engineer the that Exo1 has a role along with the Rad27 flap endonuclease in processing junctions between Okazaki fragyeast L612M-DNA pol ␦ so that PAA sensitivity could be used as a genetic tool for probing DNA replication in ments and this processing is required to prevent frameshift mutations.
a eukaryotic model organism. Our initial studies of the genetic interactions between DNA pol ␦ and Rad27 and Although the requirement for Rad27 in pol3-L612M cells indicates the major importance of this nuclease between DNA pol ␦ and MMR demonstrate the utility of the PAA-sensitive replication system that we have defor correct processing of Okazaki fragments, there is also a role for Exo1. Exo1 can partially compensate for veloped to further dissect functional interactions during DNA replication in vivo. Rad27 deficiency as demonstrated by the inviability of the exo1 rad27 strain and the ability of Exo1, when overWe gratefully acknowledge Peter L. Hurd for introducing us to expressed, to partially suppress the mutator phenotype the bootstrap method for determining confidence intervals and for assisting with the determinations. We thank M. Suzuki for providing of rad27 cells (Tishkoff et al. 1997) . Exo1, like Rad27, the pol1-L868M strain and Y. Pavlov for helpful discussions. Research has flap endonuclease activity (Tran et al. 2002) tions that require Msh2/Msh6 and for 3Ј mismatch repair in reactions that require Msh2/Msh6 and Mlh1/ Pms2 (Genschel et al. 2002; Dzantiev et al. 2004 the bulk of flap repair activity, some aberrant DNA struc-
